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The solar wind as plasma-turbulence laboratory
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The solar

[Chen et al., ApJS (2020)]
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A huge amount of
detailed in-situ data
of solar-wind turbulence

I sOMme reviews:

Bruno & Carbone, LRSP (2013)
Chen, JPP (2016)
Sahraoui et al., RvMPP (2020)
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Turbulent heating in the solar wind

[ Richardson & Smith, GRL (2003) ]

no heating

Distance (AU)

2 Solar-wind (SW ) temperature profile vs distance:
decreases slower than it should for a simple
adiabatic expansion

2 Dissipation of turbulent fluctuations can account
for the observed extra heating

2 SW is very weakly collisional — kinetic effects
must play a relevant role in turbulent dissipation

2 (preferential heating of ions perpendicular to B)



Turbulent cascade in the solar wind
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Turbulent cascade in the solar wind
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Turbulent cascade in the solar wind
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(some) ion-heating mechanisms

= Resonant mechanisms:

> Landau damping (parallel heating)
w heating model(s): Howes MNRAS (2010), Kawazura+ PNAS (2019)

> lon-cyclotron damping (perpendicular heating)
w heating model(s): Arunasalam PRL (1976), Cranmer ApJS (2014)

= Non-resonant mechanism:

> Stochastic heating (perpendicular heating)
w heating model(s): Chandran+ ApJ (2010), Cerri+ ApJ (2021)



= Resonant mechanisms:

> La‘ndau damping (para//el heating) e I N J
w heating model(s): Howes MNRAS (2010), Kawazura+ PNAS (2019)

> lon-cyclotron damping (perpendicular heating)

w heating model(s): Arunasalam PRL (1976), Cranmer ApJS (2014)
= Non-resonant mechanism: :

> Stochastic heating (perpendicular heating) e mm————

w heating model(s): Chandran+ ApJ (2010), Cerri+ ApJ (2021)
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Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

0f (x,v) = f(x,v) — Fu(z,v)



Phase-space dynamics
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linear (“parallel”) phase mixing non-linear (“perpendicular”) phase mixing




Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

linear (“parallel”) phase mixing non-linear (“perpendicular”) phase mixing

- due to ballistic evolution of df along B (“parallel”):

of ~ exp(-ikyv)|t)

v of(xy, vy, t=0) v of(xy, vy, t>0)

- slower than its nonlinear counterpart at scales below the

ion gyro-radius p; (in strong turbulence)

— dominant only at k, p; < I



Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

linear (“parallel”) phase mixing

- due to ballistic evolution of df along B (“parallel”):

of ~ exp(-ikyv)it)

v of(xy, vy, t=0) v of(xy, vy, t>0)

X]|

4l

- slower than its nonlinear counterpart at scales below the
ion gyro-radius p; (in strong turbulence)

— dominant only at k, p; < I

non-linear (“perpendicular”) phase mixing

- due to de-correlation of “v,-slices” of Jf from transport over

de-correlated k,-fluctuations in the plane perp. to B:

GK electrostatic simulations
of(vi, t) -

0.006

0.004

0.002 |

S LR UL L TR SR S TEUOR L LA O
i t=33

0.010 | ot

0.008 - Cerr1 2013 (unpublished)

‘ [Cerri, PhD Thesis (2015)]]

-

-

0.000 3

~0.002 F

| Schekochihin et al., PPCF (2008) ]

- occurring only at scales below the ion gyro-radius (ky p; > 1)

- faster than its linear counterpart (in strong turbulence)




Phase-space dynamics

% What is the behavior of Jf in phase space? (and how to conveniently represent it?)




Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

2 Hermite representation:

+00
b = (6m(@) = ([ 61(@,)vm(w) o)
=00
- {...» = spatial average
. . Hy(v/vin) —v2 /(202 )
- . m\UV) = é th
basis functions: Y (v) Vo
. . . , » d™ o
- Hyu = “physicists” Hermite polynomials” Hp(x) = (-1)"e* ——e™°

dz™

—+ 00

— 00

Vn (V) Y (v) dv

dn,m



Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

2 Hermite representation — Jfion from in-situ data (MMS in the turbulent Farth’s magnetosheath; 6B/B ~ 1.5 )

of(v)

[ Servidio et al., PRL (2017) ]
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Phase-space dynamics

%= What is the behavior of df'in phase space? (and how to conveniently represent it?)

2 Hermite representation — Jfion from in-situ data (MMS in the turbulent Farth’s magnetosheath; 6B/B ~ 1.5 )
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Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

2 Hermite representation — what to expect for of spectrum from different processes?



Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

2 Hermite representation — what to expect for of spectrum from different processes?

> [inear phase mixing (in parallel-to-B m-space) — ~ m| -1/
[Watanabe & Sugama, PoP (2004); Zocco & Schekochihin, PoP (2011); Kanekar et al., JPP (2015); Adkins & Schekochihin, JPP (2018); ... ]

> non-linear phase mixing (in field-perpendicular m-space)

o classic GK theory in kinetic-Alfvén-wave (KAW) turbulence — ~ m  -7/6
[Schekochihin et al., Ap)S (2009); Cerri et al., Ap) (2018)]

e intermittency corrected KAW cascade — ~ mj />
[Cerri et al., Ap) (2018)]

e constant-anisotropy sub-ion-scale regime — ~ m  -3/?
[Cerri et al., Ap) (2018)]

> hydro-like agruments on Vlasov eq. (v-space only, no k-dep. of flucts, isotropic in m) — ~ m->/2 or ~m-2
[Servidio et al., PRL (2017)]




Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

> Fourier-Hermite representation:

. (2;)3/2//5]”(30,1)) e T ) (v) Pz dPv



Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

2 Fourier-Hermite representation:

. (2#1)3/2//5]0(33’”) e T ) (v) Pz dPv

ov | 1 |v; o 1

mJ

m
Uth,i Pi Qc,i Qc,i k1 pi

| Schekochihin et al., PPCF (2008) ]




Phase-space dynamics

%= What is the behavior of dfin phase space? (and how to conveniently represent it?)

2 Fourier-Hermite representation:

iy (273)3/2//(5]”(33,1)) e T ) (v) Pz dPv

ov | 1 |v, o 1

mJ

Uth.,i Pi [Qei e k1 pi

| Schekochihin et al., PPCF (2008) ]

] C‘:’\O @i @ G the phase-space cascade induced by nonlinear phase mixing will obey
G i S R - ¢ the following relation in Fourier-Hermite space| Cerri et al., ApJL (2018) |

m, o« ki

L\ this does not need any particular ordering nor depends on the scaling of background fluctuations!



The hybrid-kinetic model
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2 Fully kinetic ions (Vlasov equation for fi(x,v,t) — Eulerian approach: 3D-3V phase-space grid)

{ ° (E+3><B)-
™y C

ofi
ov

0

2 Electron fluid (generalized Ohm’s law for E — with finite electron-intertia effects)

(1-diV*)E =

C

2 Maxwell’s equations (Faraday equation for B

0B

ot

e Quasi-neutrality is assumed (ne = ni=n)

SOt

nermal closure for the electron fluid ( pe =n Te0 )

Red

uced mass ratio ( m; / me = 100 );

 Small-scale dissipation: numerical filters

= for more detai

zeV' J’LLi

ENncC EN C EN

JxB Vp. A4nd? ( JJ)
uiJ

Ampere’s law — w/o displacement current)

41

— —cV X FE VB =—J
C

[ n(x,t) and ui(x,t) are v-space moments of fi(x,v,?) |
| Teo=Tio at t=0]
[ de? = mec?/ 4mnee? = electron inertial length

[ spectral-like filters (Lele, JcP 1992)

s: Califano & Cerri, Chapter 5 in “Space and Astrophysical Plasma Simulation. Methods, Algorithms, and Applications™, Springer (2023)



3D-3V hybrid-Vlasov-Maxwell turbulence simulations
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[ Cerri et al., ApJL (2017, 2018) ]
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Cascade of Jf'in 6D phase space

[ Cerri, Kunz & Califano, ApJL (2018) ]

ol ) d v (3 )



Cascade of of in 6D phase space

[ Cerri, Kunz & Califano, ApJL (2018) ]

log |0 frm|?
ey _ =02 0f(®,v) = f(x,v) — Fu(z,v)

St = 6fm@) = ([ 61@0) vm(w) a0




Cascade of of in 6D phase space

9 [ Cerr1, Kunz & Califano, ApJL (2018) ]
log |6 frm|
—6.7 ~3.4 S 5f(a:, 'v) = f(w, ’U) = FM(iBa 'U) (a)
< |
0.1 [
10
4
&
11
10k
E= K
]




Cascade of of in 6D phase space

[ Cerri, Kunz & Califano, ApJL (2018) ]

ol ) d v (3 )

Anisotropic cascade
(w.r.t. B) in both m and k

T 1 107t

k10



Cascade of of in 6D phase space

[ Cerri, Kunz & Califano, ApJL (2018) ]

log |0 fm|?
=y =02 0f (x,v) = f(z,v) — Fy(z,v)

Landau damping

Landau daming

(mainly above ion scales)




Cascade of of in 6D phase space

[ Cerri, Kunz & Califano, ApJL (2018) ]

log |0 fm|?
=y =02 0f (x,v) = f(z,v) — Fy(z,v)

non-linear phase mixing
(at sub-ion scales)




Cascade of of in 6D phase space

2 [ Cerri, Kunz & Califano, ApJL (2018) ]
log |0 fm]
_6.7 ~3.4 ~0.2 ol ) d v (3 )
1.0 S
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0.1
10
i
&
11
10 |
E= :
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my

k104
& real- and velocity space are tightly entwined in cascading 6f = “phase-space cascade”

&= phase-space cascade of of induced by turbulent e.m. fluctuations is “6-anisotropic”



Cascade of of Iin “reduced-dimensionality” phase space

2 5D phase space

s dz|$ 2 /W, = dz|g 2 IW, 5
Licki X [ Q2 lmtitoal W Rk Ze) Qellmekoal Wou o g v 2| g o Wi
10—1.6 —
> 3D e.m. hybrid-gyrokinetics: s
10—2.4
( 3D_2V ) 10—2.8
10—3.2
| Kawazura et al., PNAS (2019) ] -8
10—40
k1 pi "
1OO§ R o : 5 100; —nili i (b) -5 1072 Relduéed‘ H;er;n'itleISpectra |
-6 & -6 10_3
> 2D e.m. hybrid-kinetics: ! L o
-8 - -8 >_‘ —
( 2D_3V ) 9 9 55:105
. 10 107°
[ Pezzi et al., PoP (2018) ]
1 ’ 1 107 P(m;)vs. m -a-a—a
1 r})(: 100 1 r1n(3 100 100 _ 10

2 4D phase space:

2D-2V: electrostatic gyrokinetics (GK) [ Tatsuno et al., PRL (2009), PoP (2012) ; Banon-Navarro et al., PRL (2011); Cerri et al., PoP (2014b) |
3D-1V: reduced-GK [ Hatch et al., JPP (2014); Loureiro et al., JCP (2016): Meyrand et al., PNAS (2018); Gobrunov & Teaca, JCP (2023); Zhou et al., PNAS (2023) |

2 3D phase space: 2D-1V (e.s. reduced-GK) [ Watanabe & Sugama, PoP (2004) |

2 2D phase space: 1D-1V (Vlasov-Poisson) [ Parker & Dellar, JPP (2015); Celebre et al., PoP (2023) |



Final remarks & discussion

= Nonlinearities [turbulence] in kinetic systems intrinsically entwine [the cascade of] the
fluctuating fields [0E(x) and 0B(x)] in real space with [a cascade of] fluctuations of the
distrubtion function [of(x,v)] in the whole [six-dimensional] phase space.

w we call this a “phase-space cascade”

= Such phase-space cascade is likely anisotropic as a result of a combination of various
processes simultaneously at play (with different timescales that also depend on the scale);
and a reduced dimensionality of the phase space may affect these properties.

w but still worth looking at one process at a time and in reduced dimensionality

Phase space is a common (play)ground for our two research communities...
...let’s meet there and have fun with nonlinearities!
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no heating

Turbulent heating in the solar wind

[ Matteini et al., GRL (2007) ]

Helios 0.3 AU

0.1 1.0

By

10.0

2 preferential heating of ions perpendicular to B



[ Cerri, Kunz & Califano, ApJL (2018) ]

Fluctuations’ spectra in the HVM simulation

1 ! 1 1 Y ! |
= s e = 1 O_3 = | .
2 ~.\\ 5/3 i EB_L(k_I_>§ s | T “'E68<L<J_) =
—_ o \-\,\. I EE_L(kJ_>_ 1 0_4 L | B
s N = -2/3 | E = N | -
£ \/'/\\ ~~~~~~~ / : E <l‘( ) =] 22 \\ —7/3 :
L AN . ™ i | BIN™L/ 7 - o i
\\ N | _5 T '
= s Wy M : 10 " E. - el 3
= 10 : \ \ 8 o3 =10 ~ \\ :
m i \A — ) B M
Jade g8/ _ 3
10 R . 1076 L107® NG ~ i
= . 3 2 e s
- 1077 Eg 1 (ki) g ™ i 107 Ese(k N !
I : ;M - - — 1) \ :
R o Ee 1 (ki) —7/>-\ ! % 1 ] N !
1078 Epi(ki) . | R ~ 107" k1078 . | -
= B 1.0 e N Y 5 I 1.0 ol
i K104 A2 \ - 8T Ky 0; o
L l | | | | 1 O 8 ] ! S Do T, Tt T L1 l
1 10 1 10
K10 K10

6E ~ [d (TSf? [2F)
~ fd3v (Thz/ZFM) for k, p; > 1

h = non-adiabatic

“gyrokinetic” response



Generalized scaling for the “ion-entropy cascade” (1)

[ Cerri, Kunz & Califano, ApJL (2018) ]

> underlying idea (Schekochihin etal., PPCF2008):  ——— ~ — |5~ — 5| ™ , ‘ '
C,1 C,l

de-correlation of v -structures

due to de-correlated k -fluctuations

o = 1 standard KAW anisotropy

> allow generalised spectral anisotropy: £ ) oc XY/3 a = 2 intermittency-corrected case
a = 3 constant anisotropy
> assume critically balanced KAW cascade: TaL )\ ™~ T%)XW y X N e/
T no particular model odering assumed this far
1 gyrokinetic ordering assumed in the following
1/2
. . . N P / weighting of the nonlinear cascade time
(o) gnung

> jon-entropy non-linear timescale: Tx~1—] Tkaw ) , , .

’ A\ ) due to ring-average in GK nonlinearity

. small changes in the non-adiabatic GK response ( hx)
> jon-entropy cascade time: T %Oz;\ ~ (T)T % }{W’ § ™ xas3 that accumulate as a random walk

to produce a change of order unity ( Ahan/ hx~ 1)



Generalized scaling for the “ion-entropy cascade” (2)

[ Cerri, Kunz & Califano, ApJL (2018) ]

> assume constant entropy flux through scales: h)% / ThA ~ €, = const

. . . . . f
> derive scalings for non-adiabatic GK response: B o X/0 accounting for

“generalised” spectral anisotropy

> derive phase-space spectra of ion-entropy cascade:

(/ a o - o - - o - T - \\
| —(+a)/3 = 6+
- Ep(kp) e En(k)) o< K I (ml) X mL( a)
a = 1 standard KAW anisotropy: kj o kl/3 Ey < k743 E,(m,) oc m77/®
— 9 : . : .2/3 . 1:-5/3 Y oc m—3/3
a = 2 intermittency-corrected case: ki o< ki Ej oc k7 Ey(my) oc my

a = 3 constant anisotropy: k|| X K| Ej ~x ka E,(m ) o ’"13/ 2
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of from a single sub-domain of the HVM simulation
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